Background. For patients with unresectable intrahepatic cholangiocarcinoma (ICC), treatment options are limited and survival is poor. This study summarizes the long-term outcome of two previously reported clinical trials using hepatic arterial infusion (HAI) with floxuridine and dexamethasone (with or without bevacizumab) in advanced ICC. Methods. Prospectively collected clinicopathologic and survival data were retrospectively reviewed. Response was based on Response Evaluation Criteria in Solid Tumors (RECIST). Pre-HAI dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI) images were reviewed, and tumor perfusion data correlated with outcome. Results. Forty-four patients were analyzed (floxuridine, 26; floxuridine/bevacizumab, 18). At a median follow-up of 29.3 months, 41 patients had died of disease. Partial response by RECIST was observed in 48 %, and 50 % had stable disease. Three patients underwent resection after response, and 82 % received additional HAI after removal from the trials. Median survival was similar in both trials (floxuridine 29.3 months vs. floxuridine/bevacizumab 28.5 months; p = 0.96). Ten (23 %) patients survived C3 years, including 5 (11 %) who survived C5 years. Tumor perfusion measured on pre-treatment DCE-MRI [area under the gadolinium concentration curve at 90 and 180 s (AUC90 and AUC180, respectively)] was significantly higher in C3-year survivors and was the only factor that distinguished this group from\3-year survivors (mean AUC90 22.6 vs. 15.9 mM s, p = 0.025, and mean AUC180 48.9 vs. 32.3 mM s, p = 0.003, respectively). Median hepatic progression-free survival was longer in C3-year survivors (12.9 vs. 9.3 months, respectively; p = 0.008). Conclusions. HAI chemotherapy can result in prolonged survival in unresectable ICC. Pre-HAI DCE-MRI may predict treatment outcome.
ABSTRACT
Background. For patients with unresectable intrahepatic cholangiocarcinoma (ICC), treatment options are limited and survival is poor. This study summarizes the long-term outcome of two previously reported clinical trials using hepatic arterial infusion (HAI) with floxuridine and dexamethasone (with or without bevacizumab) in advanced ICC. Methods. Prospectively collected clinicopathologic and survival data were retrospectively reviewed. Response was based on Response Evaluation Criteria in Solid Tumors (RECIST). Pre-HAI dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI) images were reviewed, and tumor perfusion data correlated with outcome. Results. Forty-four patients were analyzed (floxuridine, 26; floxuridine/bevacizumab, 18). At a median follow-up of 29.3 months, 41 patients had died of disease. Partial response by RECIST was observed in 48 %, and 50 % had stable disease. Three patients underwent resection after response, and 82 % received additional HAI after removal from the trials. Median survival was similar in both trials (floxuridine 29.3 months vs. floxuridine/bevacizumab 28.5 months; p = 0.96). Ten (23 %) patients survived C3 years, including 5 (11 %) who survived C5 years. Tumor perfusion measured on pre-treatment DCE-MRI [area under the gadolinium concentration curve at 90 and 180 s (AUC90 and AUC180, respectively)] was significantly higher in C3-year survivors and was the only factor that distinguished this group from\3-year survivors (mean AUC90 22.6 vs. 15.9 mM s, p = 0.025, and mean AUC180 48.9 vs. 32.3 mM s, p = 0.003, respectively). Median hepatic progression-free survival was longer in C3-year survivors (12.9 vs. 9.3 months, respectively; p = 0.008). Conclusions. HAI chemotherapy can result in prolonged survival in unresectable ICC. Pre-HAI DCE-MRI may predict treatment outcome.
Intrahepatic cholangiocarcinoma (ICC) represents the second most common primary liver cancer, and is increasing in frequency and mortality. The minority of patients present with resectable disease, with little change over the last 3 decades. [1] [2] [3] Response to systemic chemotherapy has been poor, and although gemcitabine plus cisplatin was recently shown to be the most active regimen in patients with advanced biliary cancer, median survival remains less than 1 year.
Hepatic arterial infusion (HAI) chemotherapy for liver cancer has been used for over 50 years 5 and is based on enhanced drug delivery to the tumor while minimizing systemic toxicity. Although most published studies have focused on its application in colorectal liver metastases, [6] [7] [8] results in primary liver cancer are encouraging. We have previously published the results of two phase II clinical trials on HAI for unresectable primary liver cancer using floxuridine either alone or in combination with intravenous bevacizumab. 9, 10 Both studies were associated with prolonged liver disease control and median survival rates of 29.5 and 31.1 months. Additionally, dynamic contrastenhanced magnetic resonance imaging (DCE-MRI) showed promise as an imaging biomarker of treatment response. Specifically, integrated area under the concentration curve of gadolinium contrast at 90 and 180 s (AUC90 and AUC180, respectively), an assessment of perfusion, was associated with higher response rates and significantly longer survival. 9, 10 This study updates the long-term outcome of patients with unresectable ICC treated with HAI chemotherapy as part of these two clinical trials, and analyzes the clinicopathologic characteristics associated with prolonged disease control and survival.
METHODS

Patients
This study was approved by the Institutional Review Board of the Memorial Sloan-Kettering Cancer Center (MSKCC). Only patients with unresectable ICC treated with floxuridine, with or without intravenous bevacizumab as part of two phase II clinical trials conducted from August 2003 through September 2009, were included. Clinicopathologic data, prospectively collected during the clinical trials, were analyzed (26 patients from the floxuridine study and 18 patients from the floxuridine/ bevacizumab study). Patients from both studies were combined since there were no differences in demographics, selection criteria, tumor characteristics, response, progression-free survival (PFS), and overall survival between the two groups. Patient selection, exclusionary factors, and pre-treatment evaluation have been previously reported. 9, 10 Pump placement was performed with a standardized technique.
11
Chemotherapy Administration, Response, Dose Intensity, and Toxicity HAI chemotherapy was started 2 weeks after pump placement, on a 4-week cycle, and consisted of floxuridine for 26 patients and floxuridine/bevacizumab for 18 patients. Infusion of floxuridine (0.16 mg/kg 9 30/pump flow rate) and dexamethasone 25 mg, with heparin sulfate (30,000 units) and saline to a volume of 30 mL, was started on day 1 for 14 days; bevacizumab (5 mg/kg) was given every other week, starting 6 weeks after surgery. Concurrent cytotoxic systemic chemotherapy was not used while patients were on study, but was used after disease progression, either alone or in combination with further floxuridine. Floxuridine relative dose intensity was measured at 3 and 6 months from the beginning of HAI treatment. Relative dose intensity is the amount of chemotherapy given over time divided by the calculated dose at the beginning of therapy, and accounts for toxicityrelated dose reductions or missing doses, altering the total amount of administered chemotherapy. 12 Prior to treatment, imaging evaluation included baseline liver MRI scans, including dynamic sequences, and computed tomography (CT) scans of the chest and pelvis. MRI scans were repeated every 2 months while on protocol; response to therapy was assessed with the Response Evaluation Criteria in Solid Tumors (RECIST 1.0). 13 DCE-MRI scans were obtained using a 1.5 T MRI scanner (GE Medical Systems, Waukesha, WI, USA) and an 8-channel phased array body coil using previously described MRI parameters and contrast infusion.
14 Anatomical images, fat-suppressed T1-and T2-weighted images, three-dimensional T1-weighted pre-and post-contrast images, and fast gradient echo-based perfusion images were acquired during each scan. Intravenous contrast (gadolinium diethylenetriaminepentaacetic acid; Magnevist, Berlex Inc., Wayne, NJ, USA) was administered at a constant dose of 0.1 mmol/kg bodyweight. A bolus of gadolinium was injected with a delay of 6 s using an automatic injector (Medrad, Inc., Warrendale, PA, USA), and serial images with a temporal resolution of 1.2-1.5 s were acquired over 4-5 min under shallow breathing conditions. One coronal oblique plane was prescribed through the center of the tumor and the aorta to maximize the cross-sectional area and the temporal resolution. DCE-MRI parameters included the following: echo time (TE) = 2 ms, repetition time (TR) = 9 ms, flip angle = 30°, slice thickness = 7 mm, matrix size = 256 9 128, field of view = 320 mm, bandwidth = 23.8 kHz, number of excitations = 1.0, and number of phases (n) = 225. Dynamic images were analyzed with a two-compartment general kinetic model using a vascular space (VS) and an extracellular extravascular space (EES) for pharmacokinetic characterization of tumors. 15 The vascular input function (VIF) was measured in some patients, and an average VIF with two fast and slow components 16 was used for analysis (Cine Research Software, GEMS, Waukesha, WI, USA) of the dynamic and pharmacokinetic parameters. The variables measured included (i) those related to tumor permeability-the volume transfer constant (K trans , 1/min) from VS to EES, the rate constant (K ep , 1/min) from EES to VS, and the fractional volume of EES (ve); and (ii) those related to global tumor perfusion-the integrated AUC90 and AUC180 from the start of contrast enhancement (mM s). 17 In each case, the region of interest (ROI) and voxel (Vx) analyses were carried out for determining the kinetic parameters in tumors. For the Vx analyses, the top decile values within the ROI were determined for the variables of interest. The change in DCE-MRI parameters from baseline to the first post-treatment scan was also determined using both ROI and Vx values.
The pre-treatment DCE-MRI parameters were correlated with response and survival. All patients had multiple post-treatment follow-up DCE-MRI studies in both trials, and the changes in DCE-MRI parameters following treatment were previously reported. 9, 18 However, for this study, we wanted to look exclusively at patients with unresectable cholangiocarcinoma with similar pre-treatment DCE-MRI, and avoid combining the results related to changes in DCE-MRI parameters since they were induced by two different therapeutic regimens and their timing was different between the two studies. In addition, as we previously reported, disease-specific survival (DSS) in patients undergoing treatment for primary liver cancer was significantly correlated with pre-treatment AUC90 and AUC180. The reproducibility rate of DCE-MRI measurements is in the range of 10-20 %. 19 Toxicity was graded according to the National Cancer Institute Common Toxicity Criteria (version 3.0). 20 Treatment-related toxicity 10 was analyzed for its impact on survival.
DSS and progression free survival (PFS) were measured from the date of HAI treatment initiation until death or last follow-up and first documented progression, respectively.
Statistics
Statistical analyses were conducted using SPSS software (version 20.0; IBM Corporation, Armonk, NY, USA); p values \ 0.05 were considered significant. Descriptive statistics are presented as means (standard deviation) for continuous variables, and percentages for categorical variables. Survival data are reported as median values (range). Continuous variables were compared using Mann-Whitney or Kruskal-Wallis tests. Categorical variables were compared using Chi square and Fisher's exact test, as appropriate. Survival was measured from initiation of HAI. Survival probabilities were computed using the Kaplan-Meier method and compared using the log-rank test. Table 1 details the patient characteristics. Mean age was 59 years (±13.2) and 31 (70 %) patients were female. Mean tumor size was 9.3 cm (±3.4), and the majority were solitary (68 %) and moderately differentiated (74 %). Eleven (25 %) patients had undergone treatment prior to trial enrollment, most commonly systemic chemotherapy; three (7 %) patients had undergone a prior resection with curative intent and had liver-only recurrence. Table 2 summarizes treatment administered as part of the clinical trials. HAI was started at a mean of 14.7 days (±2.4) from pump placement for all patients. The relative floxuridine dose intensity was 82 % at 3 months (similar for both trials) and 57 % at 6 months (greater for floxuridine vs. floxuridine/bevacizumab; 64 vs. 48 %; p = 0.04).
RESULTS
Clinicopathologic Characteristics
Trial-Related Treatment and Toxicity
Postoperative complications related to pump placement occurred in six (14 %) patients, three in each trial; Gemcitabine/cisplatin 1 (14)
Gemcitabine 1 (14) Carboplatin/docetaxel/bevacizumab 1 (14)
More than one chemotherapy line a 2 (29)
Ablation/chemoembolization 2 (5)
KPS Karnofsky performance status a One patient received gemcitabine/cisplatin then irinotecan/capecitabine, followed by 5-fluoruracil/erlotinib; one patient received gemcitabine/carboplatin/paclitaxel then irinotecan, followed by 5-fluoruracil/oxaliplatin however, all patients received HAI therapy without delay in treatment initiation (14.7 days for floxuridine vs. 14.9 days for floxuridine/bevacizumab; p = 0.97). Grade 3/4 toxicity occurred in ten patients, mostly biliary toxicity related to the floxuridine/bevacizumab trial. The excessive toxicity associated with the addition of bevacizumab to floxuridine led to early termination of this trial. 10 Response, Pattern of Progression, Post-Trial Treatment, and Survival
Twenty-one (48 %) patients had a partial response over a median time of 11.4 months (range 3.2-37.9 months) and 22 (50 %) had stable disease over a median of 7 months (range 2-11 months); disease control rate was 98 % (median 8 months; range 1.4-37.9). Initial disease progression was in the liver in 24 (55 %) patients, at extrahepatic sites for 19 (43 %) patients, and both in one (2 %) patient (Table 3) . Eight patients progressed while HAI therapy was on hold. Treatments administered after removal from the trials are shown in Table 3 . Thirty-six (82 %) patients received additional HAI, either alone or concurrently with systemic chemotherapy. Systemic cytotoxic chemotherapy was eventually given to 42 (95 %) patients, with the most frequently administered agent being gemcitabine. Three (7 %) patients showed enough response to undergo hepatic resection (floxuridine, 1; floxuridine/bevacizumab, 2).
All patients, except three in the floxuridine/bevacizumab study, were deceased at the time of last follow-up. The median survival from initiation of HAI was 29.3 months (95 % CI 26.6-31.9 months) and was similar between the two trials (floxuridine 29.3 vs. floxuridine/bevacizumab 28.5 months; p = 0.96). Ten (23 %) patients survived 3 years or more and five (11 %) patients survived at least 5 years; the proportion of long-term survivors (C3 years) was similar in both clinical trials.
Comparison of Long-Term and Short-Term Survivors
Comparison of long-term (C3 years) and short-term (\3 years) survivors is summarized in Table 4 . There were no differences in patient demographics, disease characteristics, or pre-trial, within-trial, and post-trial treatments rendered. The pre-treatment mean carbohydrate antigen 19-9 (CA19-9) and carcinoembryonic antigen (CEA) values were not significantly different between C 3-year and \ 3-year survivors (CA19-9: 48 vs. 759 U/ml, p = 0.2; and CEA 2.1 vs. 15.4 ng/ml, p = 0.1, respectively). The relative HAI dose intensity at 6 months from the initiation of HAI was similar between the two groups, as was the proportion of grade 3 or 4 toxicity. Response rates were similar between the two groups.
Data from DCE-MRI were available in 41 (93 %) patients (one patient had a pacemaker and two had incomplete dynamic series). Pre-treatment AUC180 was higher in long-term versus short-term survivors (48.9 ± 13.3 vs. 32.3 ± 13.7 mM s; p = 0.003); in patients with an AUC180 above the median value (38.8 mM s), survival was greater compared with those with an AUC180 equal to or below the median (31.8 vs. 19.9 months, p = 0.006, respectively; Fig. 1a ). Similar findings were observed for patients with AUC90 above or below the median (AUC90 17.06 mM s) (31.8 vs. 21.8 months, respectively; p = 0.007). In patients with AUC180 above the median value, 35 % survived beyond 3 years, while 95 % of patients with AUC180 below the median survived less than 3 years. Of note, none of the other DCE-MRI parameters (K trans , K ep ) were different between the two groups. Long-term survivors were also characterized by a longer hepatic PFS (12.9 vs. 9.3 months; p = 0.008; Fig. 1a) .
It should be noted that while the DCE-MRI variables AUC90 and AUC180 were associated with survival (r 2 = 0.45 for AUC90, p = 0.003; r 2 = 0.48 for AUC180, p = 0.001), there was no correlation with response as measured by RECIST; the percentage of maximal tumor reduction after initiation of HAI did not correlate with survival (r 2 = 0.14; p = 0.4).
DISCUSSION
The incidence of ICC is rising worldwide, and most patients present with unresectable disease. 21 Advanced ICC is associated with a dismal prognosis and even the best multiagent systemic chemotherapy regimen does not prolong survival beyond 1 year. 4, [22] [23] [24] Furthermore, to date, targeted therapies have not shown a benefit and have no proven therapeutic role. 3 More effective therapeutic approaches are thus needed. Chemotherapy delivered via continuous HAI is an attractive therapeutic approach for several reasons. First, it allows delivery of high concentrations of chemotherapy into the hepatic arterial system, from which the tumor derives nearly all of its blood supply. In so doing, nontarget toxicity is reduced, although not eliminated. Using an agent with a favorable first-pass profile such as floxuridine with a liver extraction rate of 94 % makes this strategy even more appealing. 10, 25 The body of literature related to the use of palliative HAI chemotherapy is greatest for metastatic colorectal cancer, where it has proven efficacy for controlling hepatic disease. 8, 26, 27 By contrast, the experience with HAI chemotherapy in primary liver cancer is limited. 28, 29 Our previously reported experience with HAI for unresectable primary liver cancer demonstrated the efficacy of HAI with floxuridine in patients with advanced ICC. 9, 10 The present study represents a long-term survival analysis of patients from both studies.
A major finding of the present study was identification of a subgroup of ICC patients who survived 3 or more years from the start of therapy, well beyond what has been reported with systemic therapy alone. Examining the longterm and short-term survivors revealed no differences in patient demographics, and disease-or treatment-related variables. Indeed, the only variable that distinguished these two groups were tumors with higher pre-HAI AUC90 and AUC180 on DCE-MRI and longer hepatic PFS. This latter finding underscores the importance of control of the hepatic disease on outcome.
Our initial experience with DCE-MRI in patients with primary liver cancer using floxuridine alone 9 showed that pre-treatment assessment of tumor perfusion, as measured by AUC at 90 and 180 s from the start of contrast enhancement, correlated with improved survival. The results of the present study confirmed these findings in longer follow-up. Patients who survived 3 or more years had higher AUC values at 90 and 180 s; the longer hepatic PFS in this group would suggest that these DCE-MRI variables, which represent a global assessment of tumor perfusion (Fig. 1b) , have the potential to identify patients who benefit more from intra-arterial therapy. The absence of a correlation between the DCE-MRI and response as measured by RECIST is compatible with this observation and has been noted. 30 Tumor response to therapy is difficult to fully characterize with size change alone, and it is well-established that RECIST is suboptimal in this regard, since it does not account for changes in tumor perfusion or necrosis, 31, 32 which may offer more insight. Although differences were observed in global perfusion (AUC90 and AUC180), the lack of differences in perfusion and permeability parameters (K trans , K ep ) between the short-term and long-term survivors requires further study. Higher perfusion in tumors compared with surrounding liver parenchyma may be dominating the permeability components of the measurements. Calculation of AUC is independent, while K trans and K ep depend on complex pharmacokinetic modeling, which may have been limited by the DCE-MRI technique and analyses performed. Future studies will use parameters according to recently emerging standardized guidelines for DCE-MRI by the Radiological Society of North America (RSNA) and Quantitative Imaging Biomarkers Alliance (QIBA).
Whether higher pre-HAI AUC90 and AUC180 values reflect tumors with more favorable biology or a microvasculature that is more favorably predisposed to intraarterial therapy is unclear. Data from patients with hepatocellular carcinoma treated with systemic therapy suggest a potential role for DCE-MRI that is independent of treatment modality. 31, 32 Additionally, a prior study of resected ICC demonstrated improved disease-free survival in patients with arterially enhancing tumors compared with those with hypovascular tumors on CT. 33 In this study, tumor vascularity was based on CT imaging and not DCE-MRI, and the authors defined an arbitrary dichotomy of hypervascular and hypovascular tumors. While CT and dynamic MRI perfusion parameters have some differences, it is possible that a CT perfusion technique can provide similarly quantitative tumor perfusion data.
The combination of HAI with systemic cytotoxic chemotherapy is likely to offer better overall disease control. Such combination therapy for colorectal liver metastases achieves substantial response and survival rates in patients with unresectable disease 26, 27 and high conversion to resectability. 34 Existing trials on combination of HAI and systemic chemotherapy for advanced ICC are small and heterogeneous, but the results are encouraging. 35, 36 The majority of patients in the present study received both HAI and systemic chemotherapy during their treatment, and although it is impossible to know the individual contributions of each to the prolonged survival rates observed, it is reasonable to speculate that the combination may act synergistically and therefore merits further investigation.
Certain limitations of this study and of HAI therapy must be acknowledged. First, the data were combined from two clinical trials, but we believe that this was reasonable and valid statistically for several reasons. Most importantly, the level of heterogeneity between the groups was low-all patients were treated by the same group over a relatively short period of time, and patient demographics, selection criteria, and the regional chemotherapy administered were similar in both trials. 10 Furthermore, although one of the studies included the use of bevacizumab, the response, PFS, and overall survival were nearly identical between the two. Additionally, the DCE-MRI acquisition and the image analysis methods were identical between the two studies, and only the pre-HAI studies were used for analysis. It is important to emphasize that pump placement is an invasive procedure, associated with potential complications, and HAI therapy itself can induce biliary toxicity, a problem that may be exacerbated with the addition of certain systemic agents; 10, 11, 37 however, neither of these factors limited the relative dose intensity of the therapy rendered.
CONCLUSIONS
The data from this study show that HAI provides an opportunity for prolonged survival in selected patients with unresectable ICC. Pre-HAI evaluation with DCE-MRI might help identify the patients who will benefit most from HAI. Clinical trials examining combination therapy with HAI and best systemic chemotherapy are warranted in order to make further progress with this disease.
